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Standard addition assays conducted on paper-based microﬂuidic
devices are introduced as an alternative to external standards for
calibrating quantitative tests. To demonstrate this technique, a
colorimetric, paper-based, standard addition assay was optimized for
the determination of glucose concentrations in the range of 0 to
5 mM. Comparable results were obtained from the assay via digital
image colorimetry under three diﬀerent lighting conditions.

In this communication, we introduce standard addition assays
as an alternative to external standards for the quantitative
detection of analytes on paper-based microuidic devices
(microPADs). Paper-based standard addition assays can be
performed in a single sample addition step, and the technique
is particularly appealing for quantifying the results of colorimetric assays since it does not require reproducible lighting
conditions for digital image colorimetry. We demonstrated the
technique by measuring the concentration of glucose in several
solutions under three diﬀerent lighting conditions.
The development of portable, user-friendly and quantitative
diagnostic assays is an important part of eﬀorts to improve
healthcare in developing countries and remote settings.1 Porous
membrane-based devices, such as dipsticks, lateral-ow devices
and paper-based microuidic devices, are among the most
promising platforms for simple point-of-care diagnostics and
typically support colorimetric assays.1–4 On their own, colorimetric assays provide only qualitative results, but in combination with a digital camera, colorimetric assays can provide
quantitative results via digital image colorimetry (DIC).5–8
In DIC, the concentration of analytes is determined by taking
a digital picture of a concluded colorimetric assay, reading the
intensity of the color in the image, and then comparing the
intensity to an external calibration curve.8 This technique is
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appealing for the quantication of analytes in the eld because
it can be performed using a digital camera,6 it is compatible
with porous-membrane-based diagnostic devices,8 and colorimetric assays already exist for a large number of analytes.9 The
problem with DIC, in the context of point-of-care testing, is that
the intensities of the colors in a digital image vary with the
lighting conditions under which the image is obtained.10
Therefore, if an assay is imaged under one set of lighting
conditions in the eld, and the color intensity is compared to an
external calibration curve that was prepared in a laboratory
under a diﬀerent set of lighting conditions, then the results
would not be accurate.8,10
Three diﬀerent approaches have been described for overcoming the lighting intensity problem associated with DIC: (i)
controlling the lighting conditions in the eld by using a
portable scanner, a special light, or a light-box;4,11–13 (ii)
analyzing a series of external standard solutions in parallel with
the unknown, and imaging all the results at the same time
under the same lighting conditions; and (iii) imaging the device
alongside a color calibration chart, and using the calibration
chart and an associated algorithm to compensate for variations
in lighting conditions.10 The rst two approaches are inconvenient for point-of-care diagnostics since they require additional
equipment, reagents and time. The third approach was studied
in detail by Murdock et al., and they concluded that color calibration charts would not allow for accurate calibration of
colorimetric assays that produce varying intensities of the same
color, and that a series of external standard solutions would
most likely still need to be analyzed and imaged in parallel with
the sample in order to account for variations in lighting
conditions.14 Ultimately, all three approaches rely on an
external calibration curve and are not ideal for point-of-care
colorimetric assays.
The method of standard additions provides an alternative to
external standard calibration. Standard addition assays are
used in quantitative analysis to overcome matrix eﬀects that can
aﬀect the signal of an assay.15 In a traditional single-point
standard addition assay, the signal of an unknown sample is
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measured, and then, the signal of the unknown plus a spike of
analyte of known concentration is measured. From these data,
one can calculate the concentration of the unknown sample
without relying on an external calibration curve.16 Since standard addition assays do not rely on an external calibration
curve, the results are not aﬀected by variations in lighting
conditions. While traditional standard addition assays are timeconsuming since several solutions must be prepared and tested
for each sample to be analyzed,15 multiple standard addition
assays can be performed simultaneously on a microPAD from a
single sample-addition step. The reagents and the spike of
analyte can both be added to the device during fabrication,
stored on-chip and then re-suspended in the sample once the
sample is added to the device (Fig. 1).17 This approach allows for
spikes of analyte to be added to unknown samples automatically, without any additional input from the user and without
diluting the sample to any signicant extent.
We chose glucose as the analyte to demonstrate the technique for two principal reasons: (i) the measurement of glucose
by DIC on paper-based devices using external calibration curves
has been well characterized,8 and (ii) glucose can be dried in a
channel of a paper-based microuidic device and will dissolve
in a sample solution as the solution wicks along the channel,17
which is a requirement for this particular form of paper-based
standard addition assay. We optimized an enzymatic assay for
glucose using 2,20 -azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid) diammonium salt (ABTS), which produced a blue-green
colored product when glucose was present in the sample.19,20
The standard addition assay was optimized to determine
glucose concentrations in the range of 0 to 5 mM, since glucose
levels in urine above 1.4 mM can be indicative of disease.18
We fabricated paper-based microuidic devices by wax
printing with a central sample zone from which the sample was
distributed through eight channels (spokes) into eight test
zones (Fig. 1).21 The device was designed to run four replicates
of sample (S0) and four replicates of sample spiked with a
known concentration of glucose (S1). A reagent mixture containing 25 mM ABTS, 75 kU L 1 glucose oxidase, 250 kU L 1
horseradish peroxidase and 1 M trehalose dissolved in 1 PBS

Paper-based standard addition devices. (A) A device before
addition of the sample. Reagents for the colorimetric glucose assay
were dried in each test zone. A glucose spike solution was dried in the
four spokes on the side of the device labeled S1. (B) A device 30
minutes after adding a sample containing 2.5 mM glucose to the
sample zone. When the sample is added to the device, it wicks along
the spokes dissolving any dried glucose and transporting it into the test
zones. The intensity of the color in the S1 test zones is always greater
than that in the S0 test zones because of the additional glucose from
the spokes.
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was added to each test zone, and a 5.0 mM glucose spike
solution was added to the spokes of the S1 sample zones. We
then tested a series of glucose solutions prepared in 1 PBS by
adding 35 mL of the sample solution to the sample zone. No
other action from the user was required, and the assays were
complete aer 30 minutes (please see the ESI for a discussion
of the experimental design and additional experimental
details†).
To demonstrate the capability of the standard addition assay
to provide quantitative results via DIC that were independent of
lighting conditions, the devices were imaged under three
diﬀerent lighting conditions: (i) scanner with an LED light
source, (ii) digital camera outdoors in sunlight and (iii) digital
camera indoors under uorescent lighting. The color intensities
of the test zones in the red channel of the digital images were
read using ImageJ.
Since the intensity of the color of paper-based colorimetric
assays is usually not directly proportional to the concentration
of analyte,8 a non-linear standard addition assay was developed.
We chose a rectangular hyperbolic equation as the basis for the
non-linear standard addition calculations because this equation described accurately the relationship between signal and
concentration for the glucose assay (Fig. 2), and it allowed for
the derivation of an equation relating the concentration of
glucose to the signal from the assay. The signal from the assay
(S) can be described as:
S¼

Smax C
K þC

(1)

where Smax is the maximum signal (color intensity) that can be
achieved, C is the concentration of analyte, and K is a constant
equal to the concentration of analyte at which half of the
maximum signal is achieved. Rewriting eqn (1) in the context of
a single-point standard addition assay yields two equations:

Fig. 1
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Fig. 2 External calibration curves for the glucose assay under three
lighting conditions: scanner (C), outdoor camera (-) and indoor
camera (:). Data points represent the mean of eight trials, and error
bars represent one standard deviation from the mean. The curves were
ﬁt with eqn (1), and values for Smax, K and R2 were obtained using
KaleidaGraph®.
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Smax Cu
K þ Cu

(2)

Smax ðCu þ Cs Þ
K þ ðCu þ Cs Þ

(3)

S0 ¼
S1 ¼

where S0 is the signal from the unknown sample, S1 is the signal
from the unknown sample plus the spike of analyte, Cu is the
concentration of the unknown, and Cs is the concentration of
the spike. From eqn (2) and (3), we can solve for Cu in terms of
S0, S1, Cs, and either Smax or K. Since the intensities of color are
known to vary with lighting conditions, we chose to solve for Cu
in terms of K under the hypothesis that the magnitude of K
would not vary with lighting conditions. The concentration of
the unknown can thus be solved as:
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðCs þ KÞ2 S0 Cs K Cs þ K
þ
(4)
Cu ¼
4
S1 S0
2
Eqn 4 was used to calculate the concentration of glucose in
samples. The values for S1 and S0 came from the respective
means of the color intensities of the four S1 and S0 test zones
from each device. The value for K was obtained from an external
calibration curve that was t with eqn (1) (Fig. 2), and the value
for Cs was determined experimentally by testing known glucose
solutions using devices with a spike of glucose in all eight
spokes (Fig. 3).
The external calibration curves for the three diﬀerent
lighting conditions are shown in Fig. 2. All three curves have the
same general shape, and tting the curves with eqn (1) provided
excellent ts, giving correlation values (R2) of 0.999, 0.999 and
0.995 for the scanner, outdoor camera and indoor camera
respectively. As expected, the values of Smax varied signicantly
with lighting conditions. The value for K, on the other hand, was
constant for all three lighting conditions with an average value
of 2.0 mM. This result was critical to the success of this project
and conrmed the initial hypothesis that the magnitude of K
would not be aﬀected by lighting conditions.

A second critical result was that the amount of glucose
“spiked” into the sample from the spoke was constant for the
range of glucose concentrations that were tested (Fig. 3). The
average concentration of the spike (Cs) was 2.2 mM. This
concentration was lower than the concentration of the 5.00 mM
glucose spike solution that was added to the spokes, which
could be due to one or two reasons: (i) the glucose in the spoke
did not dissolve completely in the sample, so less than half of
the glucose added to the spoke actually reached the test zone, or
(ii) the glucose dried in the spoke was diluted compared to its
initial concentration. Ultimately, the source of the diﬀerence in
concentrations is irrelevant to the results of the standard
addition assay.
Using a value of 2.0 mM for K, a value of 2.2 mM for Cs and
the average values for S1 and S0 obtained from the scanned
images for each device, the concentration of glucose in ve
diﬀerent samples were determined using eqn (4) (Table 1).
These results illustrate the accuracy and precision of the standard addition assay. While a large relative range was observed
for the three trials of each sample, the mean value was always
within one standard deviation of the true value. These results
are typical of paper-based colorimetric assays, which tend to
display a low level of precision, but relatively good accuracy
when multiple trials are averaged to minimize the eﬀects of
indeterminate error.8 Using a 3D-microPAD,22,23 it should be
possible to run dozens or even hundreds of replicates for S0 and
S1 simultaneously on a single device, which should further
improve the accuracy of the results. It should also be possible to
perform multi-point standard addition assays by spiking the
sample with diﬀerent concentrations of analyte, which could
also improve the accuracy of the results. The precision of the
assays could likely be improved by using an automated liquid
dispensing system to deposit the reagents on the devices.
The results from the three diﬀerent lighting conditions are
shown in Fig. 4 and Table 2. The results from the standard
addition assays retain the same level of accuracy under diﬀerent
lighting conditions, while the accuracy of the results from the
external calibration assays decreases signicantly when the
lighting conditions of the external standards do not match
the lighting conditions of the samples (Fig. 4, Table S1†). A t-test
conrmed there was no statistically signicant diﬀerence
between the results from the external calibration assay with
controlled lighting conditions (scanner) and the standard

Table 1

Results from standard addition assays imaged with a scanner

Sample

Fig. 3 Glucose spike calibration curve. Concentrations from each trial
were determined using the scanner's external calibration curve. Each
data point represents the mean of eight trials, and error bars represent
one standard deviation from the mean. Linear regression analysis of
the data gave a slope of 1.00 0.06, an intercept of 2.2 0.2 and an R2
value of 0.992 for the best-ﬁt line. The magnitude of the intercept
represents the concentration of the spike (Cs).
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0 mM
1.25 mM
2.50 mM
5.00 mM
Articial urinea
Unknownb

Trial 1
(mM)
0.03
1.49
2.34
4.72
2.49
2.81

Trial 2
(mM)
0.02
1.03
2.63
5.24
1.89
2.40

Trial 3
(mM)
0.06
1.46
2.12
4.84
2.23
2.19

Mean std
dev. (mM)
0.02
1.3
2.4
4.9
2.2
2.5

0.04
0.3
0.3
0.3
0.3
0.3

a

Contained 2.5 mM glucose and 5 mM tartrazine, a yellow dye, to
simulate the color of urine. b Contained 2.5 mM glucose and was
analyzed in a blind experiment.
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and then re-suspended in a sample, but the technique is not
limited to colorimetric assays. Paper-based standard additions
could be adapted to any type of paper-based assay including
uorescence assays, absorbance assays, electrochemical assays
and chronometric assays.24–30 The quantitative results of these
assays are not typically aﬀected by ambient lighting conditions,
but the method of standard additions could still be useful for
overcoming matrix eﬀects and for calibrating devices in the
eld without the need for a standard reference solution.

Acknowledgements
Fig. 4 Comparison of the standard addition assay results (solid
shapes) to external calibration results (open shapes) for the three
lighting conditions: scanner (C,B), outdoor camera (-,,) and
indoor camera (:,D). The external calibration results for all three
lighting conditions were calculated using the scanner's external calibration curve. Data points represent the mean of three trials, and error
bars represent one standard deviation from the mean. The dashed line
represents the desired result where the determined concentration
equals the actual concentration of glucose in the sample.

Table 2 Results from the standard addition assays determined for the
three lighting conditions. External calibration results for the scanner
data are also shown for comparison. Results are all reported as the
mean standard deviation for three trials

Sample
0 mM
1.25 mM
2.50 mM
5.00 mM
Art. urinea
Unknownb

Scanner
(mM)
0.02
1.3
2.4
4.9
2.2
2.5

Outdoor
Indoor
Scanner
camera (mM) camera (mM) ext. cal. (mM)
0.04 0.07
0.3
1.4
0.3
2.1
0.3
5.4
0.3
2.4
0.3
2.2

0.03
0.3
0.2
0.9
0.5
0.5

0.10
1.3
2.1
5.2
2.2
2.1

0.07
0.1
0.4
0.8
0.3
0.6

0.02
1.31
2.5
5.4
2.58
2.8

0.03
0.09
0.1
0.5
0.07
0.2

a

Contained 2.5 mM glucose and 5 mM tartrazine, a yellow dye, to
simulate the color of urine. b Contained 2.5 mM glucose and was
analyzed in a blind experiment.

addition assays under all three lighting conditions at the 95%
condence level. The assay is most precise at lower concentrations of glucose where the diﬀerences between S1 and S0 are
largest. At higher concentrations of glucose, as the diﬀerence
between S1 and S0 decreases, the precision of the results tends
to decrease. It should be possible to tune the range of concentrations of glucose that can be detected using this method by
changing the concentration of glucose in the spike.
We demonstrated a paper-based, colorimetric, standard
addition assay for glucose that is simple to perform and
provides quantitative results by DIC that are independent of
lighting conditions. These advantages are important in the
context of point-of-care diagnostics and telemedicine, especially
since lighting conditions in the eld are diﬃcult to control. In
its present form, the paper-based standard addition assay can
only be used for analytes that can be dried on a device, stored
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